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Fetal liver kinase-1 (Flk-1) is a transmembrane tyrosine- kinase that was" .identified in 
endothelial cells and populations of ceils enriched in hematopoietic progenitors. To 
characterize the interaction of Flk-1 with potential ligands the receptor extracellular domain 
was genetically fused to an alkaline phosphatase (AP) tag. A soluble "ligand for Flk-1 
was identified in the supematants of numerous mesenchymal cell lines by co- 
: >■;. immunopredpitation with the Flkl-AP fusion protein. This polypeptide was shown by 

N-tenruhaT sequencing to be vascular endothelial growth factor (VEGF). Receptor- AP fusion 
/ proteins can thus be used to identify soluble ligands as well as transmembrane ligands, and 

this approach is therefore likely to be widely applicable to many types of orphan receptor. 
The Flkl-AP soluble receptor was also found to bind to cell surfaces, showing two apparent 
classes of binding site with different affinities. This interaction could be reconstructed by 
introducing a VEGF expression plasmid into cells. These results indicate that VEGF 
presented at the cell surface can bind to the Flk-1 receptor, and could mediate a direct 
cell-cell interaction. The Flkl-AP fusion protein was also found to bind heparin, implying 
that ligand binding by the Flk-1 receptor may involve a three way interaction between the 
Flk-1 receptor, VEGF, and heparin-Uke cell surface proteoglycans. 
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INTRODUCTION 

Cell surface receptors with an intracellular tyrosine 
kinase domain have powerful effects on prolifera- 
tion and other aspects of cell behavior. When acti- 
vated by mutation they can act as potent_oncogenes, 
and they have important roles in normal physiology 
and development (Schlessinger and Ullrich, 1992). 
In addition to the receptor tyrosine kinases with 
known ligands, many additional receptor-like ty- 
rosine kinases without known ligands have been 
identified, mostly by approaches based on the se- 
quence conservation of the enzymatic tyrosine ki- 
nase domain. More than twenty of these orphan 
receptors are currently without known ligands, and 
it is likely that the identification of those ligands will 
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make an important contribution to our understand- 
ing of cell-cell signaling. 

The Rk-1 receptor was identified by polymerase 
chain reaction of mRNA from populations of mouse 
fetal liver cells highly enriched for primitive he- 
matopoietic progenitors (Matthews et al., 1991). The 
Flk-1 receptor, and an apparent human homolog, 
KDR, was also found to be expressed in vascular" 
endothelial cells (Terman et al., 1991; Millauer et al., 
1993; Quinn et al, 1993). Structurally, the Flk-1 
receptor has an extracellular region containing seven 
immunoglobulin-like domains, placing it in a sub- 
family with two other receptors that show close 
sequence homology. Those receptors are fit, which 
was shown to be a receptor for vascular endothelial 
growth factor (de Vries et al., 1992). and flt-4 
(Aprelikova et al, 19.92; Galland et al., 1992), a 
receptor still without a known ligand. 

One approach to identifying the ligands of 
receptor tyrosine kinases is to use the receptor 
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extracellular domain as a soluble affinity reagent. 
We have previously described the use of a soluble 
form of the c-kit receptor for that purpose (Flanagan 
and Leder, 1990). The receptor extracellular domain 
was fused to placental alkaline phosphatase, provid- 
ing the molecule with a tag that binds to available 
■antibodies and also has an intrinsic enzyme activity 
that can be easily and sensitively braced. This re- 
agent was used to detect the kit ligand as a trans- 
membrane molecule expressed at the cell surface 
(Flanagan and Leder; 1990). Similar approaches 
based on soluble receptor fusion proteins have now 
also been used, to identify other transmembrane 
ligands at the cell surface (for example, Arrnitage et 
al., 1992; Lyman et al, 1993). 

Here we have applied the soluble receptor ap- 
proach to the Flk-1 receptor and shown that this 
approach can be used to identify not only trans- 
membrane ligands, but also ligands that are matrix- 
associated or soluble. The Flk-1 receptor was found 
by this approach to bind with high affinity to VEGF, 
an interaction also described by others (Millauer et 
al., 1993; Quinn et al., 1993). The interaction was 
detectable in solution and also when VEGF was 
present at cell surfaces, where if is- bound via cell 
surface- proteoglycan. In addition, the soluble Flk-1 
receptor itself was found to bind to heparin-agarose. 
These results suggest that a three-way functional 
complex may be formed between the Flk-1 receptor,. 
VEGF, and specific heparin-like molecules at the 
surface of the iigand-presenting cell. 



METHODS 

Production of Flkl-AF Fusion Protein 

The Flk-1 extracellular region cDNA was amplified 
by polymerase chain reaction to create a Hindlll- 
BamHI fragment, which was inserted into fiindlH- 
Bglll cut APtag-1 vector (Flanagan and Leder, 1990). 
The resulting Flkl-AP fusion plasmid encodes the 
entire extracellular domain of Flk-1 joined at Glu- 
762, via a four arrdno acid linker (Gly-Ser-Ser-Gly), 
to the distinctively heat-stable secreted human pla- 
cental alkaline phosphatase. A plasmid with the 
same vector sequences encoding unfused secreted 
alkaline phosphatase (SEAP) (Berger et aL, 1988) 
. was also produced for use as a control. Plasmids 
were linearized with Clal and transfected with the 
marker plasmid pSV7neo into NIH-3T3 ceils by 
calcium phosphate precipitation. One day after 



rransfecrion, cells were distributed into '96-well 
plates and selected with 400/ig/ml G413. After 
2 weeks, approximately 100 clones were screened 
for secretion of alkaline phosphatase activity by 
a colorimetric assay as described (Flanagan and 
Leder, 1990), except that L-homoarginine was 
omitted from all" alkaline phosphatase assays here. 
Alkaline phosphatase activities are expressed here 
as OD units per hour (OD/hr-), indicating the 
rate of hydrolysis of the chromogenic substrate 
p-nitrophenyi phosphate under the conditions 
used. One picomole of alkaline phosphatase pro- 
tein corresponded to an activity of approximately 
30 .OD/hr. 



Co-immunoprecipitation with the Flkl-AF 
Fusion Protein 

For analysis of 35 S-labeled proteins in supematants, 
cells in 10 cm plates were rinsed twice . in 
methionine-free DMEM, then incubated with 
200/iCi/ml 35 S protein labeling mix (New England 
Nuclear, NEG-072) in 4 ml of methionine-free 
DMEM containing 10% dialyzed calf serum. After 
8hr, supematants were taken and concentrated 
10 fold by ultrafiltration. 200 /d of concentrated 
supernatant was incubated for 90 min at room 
temperature with an equal volume of conditioned 
medium containing approximately 5 ^g/ml Flkl-AP 
fusion protein.' The Flkl-AP fusion protein was then 
immunoprecipitated by incubating on a rotator for 
■60 min with CNBr-Sepharose beads coupled to ex- 
cess monoclonal antibody against human placental 
alkaline phosphatase (Cat. no." MIA 1801, Medix 
Biotech Inc., Foster City, CA) and washing the beads 
six times in modified RIPA buffer (0.5% NP40, 0.5% 
NaDOC 0.025% SDS, 144 rruM NaCl, 20 nuM Tris- 
HC1 pH 8!Q). 35 S-labeled proteins were separated on 
15% SDS-poiyacrylamide gels, which were then 
fixed, treated with Enlightening (New England- 
Nuclear), dried, and exposed to X-ray film. 

To prepare proteins for irticrosequenting, 200 jA 
of CNBr-Septiarose was conjugated with 400 /zg 
anti-AP antibody and was then incubated with a 
saturating amount of Flkl-AP conditioned medium 
for 1 hr at room temperature. The beads were then 
washed and treated with the crosslinking agent 
dimethylpmieiimidate (Harlow and Lane, 1983). 
BMS-12 cells were grown -in DMEM containing 1% 
bovine calf serum for 3 days. One liter of condi- 
tioned medium was collected and concentrated to 
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30 ml by ultrafiltration and was incubated with the 
900 jA of Flkl-AP conjugated beads. After 1 hr at 
room temperature the beads were packed into a 
column, washed with 4 ml of modified RIPA buffer, 
■ 1 ml of .10 mM sodium phosphate pH 6.8, and 
proteins were then eluted with 1 ml of 100 mM 
glycine, pH 2.5. The eluted sample was concen- 
trated, "by TCA precipitation, run on a 15% SDS- 
polyacrylamide gel and transferred to a PVDF 
membrane (Matsudaira, 1987). The band of interest 
was cut out and gas-phase protein sequencing was 
performed as described (Temps.t and Riviere/ 1989); 

Quantitative Assays of Flkl-AP Binding to Cell 
Surfaces or to Heparin Sepharose 

Cell, surface binding of Flkl-AP was measured 
essentially as described previously for Kit-AP 
(Hanagan and Leder, 1990). Plates of ceik were 
washed with HBHA .buffer (Hank's balanced salt 
solution with 1 mg/mJ bovine serum albuirun, 
20 mM HEPES pH 7.0,. 0.1% NaN 3 ) and' then 
incubated for 90 min at room temperature with' 
conditioned medium containing Flkl-AP fusion pro- 
tein or SEAP protein as a control. For some experi- 
ments the conditioned medium was diluted with 



HBHA buffer. The cells were then rinsed six times 
with HBHA buffer, lysed, and assayed for alkaline 
phosphatase activity colorimetrically as described 
(Flanagan and Leder, 1990). Scatchard analyses of 
cell surface binding. data were performed with the 
LIGAND program (Munson and Rodbard, 1980). 

To test the- effect of heparinase on binding of 
Flkl-AP to the cell surface, cells were incubated in 
D MEM "without serum for 1 hr at 37° C with 0.25 
units/ml of heparinase (a gift from Ibex Technolo- 
gies/ Montreal, Canada). To test binding of Flkl-AP 
to heparin-Sepharose, conditioned medium con- 
taining Flkl-AP or SEAP was diluted into 10 ml of 
20 mM HEPES pH 7.0/ 150 mM NaCl and was 
loaded onto a 1 ml heparin Sepharose FPLC col- 
umn (HiTrap column, Pharmacia) by recirculating 
overnight. Salt gradient elution was performed at a 
flow rate of 0.5 ml /min with collection of Irnl 
; fractions. 



RESULTS 

The Flkl-AP soluble receptor fusion protein used in 
these studies is illustrated in Fig. 1A. When immu- 
noprecipitated from, the supernatant of transfected 




FIGURE 1. A soluble receptor affinity reagent used to screen for cell surface or soluble ligands. (A) The structure of the Flkl-AP 
■soluble receptor fusion protein, consisting of the seven immunoglobulin-like domains of the Flk-1 extracellular region fused to a 
human placental alkaline phosphatase tag. (B) Tne Flkl-AP fusion reagent was produced by transfected NIH-3T3 cells as a single 
major polypeptide of the expected molecular weight. The supernatant of a transfected clone expressing high levels of alkaline 
phosphatase activity was immurioprecipitated with anti-AP beads and analyzed by electrophoresis on a 6% poly aery la mide gel 
followed by Coomassie blue staining. A Kit-AP fusion protein is shown for comparison (Flanagan and' Leder, 1990). (C) Illustrates the 
strategy used to perform an initial screen of cell lines for either a cell surface ligand or a soluble ligand. To screen for a cell surface 
ligand. (left side) the cells were treated with Flkl-AP fusion protein, washed and then tested for binding of the soluble receptor by 
a simple colorimetric assay for bound AP activity. To test for soluble ligand (right side) metabolically labeled supernatants from 
candidate cell lines were mixed with supernatant containing Flkl-AP fusion protein. The fusion protein, with any bound ligand, was 
'then immune precipitated with anti-AP beads, and radiolabeled proteins were analyzed by gel electrophoresis. 
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ceils, the fusion protein appears as a single promi- 
nent band with the expected apparent molecular 
weight of approximately 170 kDa. (Eg. IB). This 
fusion protein retained alkaline phosphatase en- 
zyme activity, with a specific activity similar to that 
reported previously (Flanagan and Leder, 1990). 
Individual clones of. transfected cells selected for 
secretion of high alkaline phosphatase activity pro- 
duced approximately 5 Mg/ ml of fusion protein in 
the supernatant. ■ 

The strategy used to screen cell lines for produc- 
tion of a. Flk-1 ligarid is summarised in Fig-. 1C As 
Flk-1 was implicated as a receptor that might func- 
tion in hematopoietic progenitors and endothelial 
cells, we focused our initial ,lig and search on mes- 
enchymal cell lines such as bone marrow stromal 
cells and embryonic fibroblasts, on the basis that 
such cells might be expected to support the growth 
of the receptor-bearing cell types. Figure 2 shows 
the result of. a . screen for ceil surface binding to 
thirteen cell lines, mcluding ten mouse bone mar- 
row stromal lines (BMS and BMSC lines), one mouse 
embryonic fibroblast line (STO), one rat 'liver - cell 
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FIGURE 2. Binding of" Flkl-AP soluble affinity reagent to the 
surfaces of cell lines. Cell lines in 10 cm dishes were incubated 
with 4 mi of conditioned medium containing Flkl-AP or SEAP as 
a control, each at 600 OD/hr per ml, for 1 hr at room tempera- 
ture, then the cells were washed and analysed for bound alkaline 
phosphatase activity. CelLLines denoted BMS or BMSC are mouse 
bone marrow stromal lines- (M.-K.C, J.G.F., and N. Weich and W. 
Benjamin, Hoffman LaRoche Inc.), BRL 3A is a rat liver line, STO 
is a mouse embryo fibroblast line, and P388D1 is a mouse 
macrophage line. 



line (BRL 3A.) and one mouse macrophage line 
/P388D1). The ceils were treated with Flkl-AP to 
test for the presence of a candidate ligand and also 
with unfused SEAP as a control for background 
binding. In repeated experiments, each of the cell 
lines tested except P3.88D1 and BRL 3A showed 
cell surface binding of Flkl-AP" that was several 
times higher than the SEAP control. Representative 
results are shown in Fig. 2. . - . 

As a biologically significant receptor-ligand inter- 
action is expected to have a reasonably high affinity, 
a Scatchard analysis of the cell surface binding was 
performed by carrying out the binding assay with 
varying amounts of Flkl-AP. The binding data give 
a nonlinear Scatchard plot consistent with binding 
to two sites of different affinities on the cell surface 
(Fig, 3). This is in contrast to other AP tagged 
soluble receptors, such as the e-kit receptor, which 
give linear Scatchard plots when tested for binding 
to their cell surface Hgands (Flanagan and Leder, 
1990; and, unpublished data). The- ; dissociation 
constants for. Flkl-AP binding 'to the cell surface 
calculated from repeated experiments were approx- 
imately 10" 10 , M for the higher affinity site and 
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FIGURE 3. Scatchard analysis of Flkl-AP binding to the surface 
of BMS- 12 cells. BMS- 12 hematopoietic stromal cells in 10 an 
plates were t incubated with varying concentrations of Flkl-AP 
fusion protein in 4 ml of medium, and were then washed and 
assayed for bound alkaline phosphatase activity. The inset graph 
shows the measured alkaline phosphatase activities. The, same 
data are shown as a Scatchard plot with a curve calculated for 
two cell surface binding sites of different affinities. The results of 
this experiment indicate approximately 170,000 sites per cell with 
a dissociation constant of 3.5 x I0~ a M and 6000 sites per cell 
with a dissociation constant of 1.3 x 10" 10 M. 
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I' Qximately 10~ 8 M for the lower affinity site, and 
3 Se numbers' of sites per ceil were approximately 
5000 and 100,000 respectively (Fig. 3). The dissoci- 
Hnn constant of the higher affinity site is similar to 
l*™ mt estimates of the affinity of ^-labeled VEGF 
fL ndin a to Hk-1 receptor expressed on ceil surfaces 
^(Millauer et aL, 1993; Quinn et aL, 1993). 

[n parallel with the screen for cell surface iigands, 
we also screened cell lines for secretion of soluble 
•flk-1 Iigands by a co-immunoprecipitation proce- 
T dure (Fig. 1Q- Tw0 polypeptides with apparent 
* m0 lecular weights of approximately 19 and 23 kDa 
were detected prominently in supematants of all the 
cell lines tested, including those shown in Fig. 4 as 
well as the 9 additional hematopoietic stromal cell 
lines described in Fig. 2, These bands were absent 



from controls where unfused SEAP was substituted 
for the Flkl-AP fusion protein (Fig. 4A). Experi- 
ments where the amount of Flkl-AP "fusion protein 
in the co-immunoprecipitation reaction was varied 
indicated that the affinity of the soluble receptor 
for these polypeptides was approximately in the 
nanomolar range, consistent with a biologically 
significant receptor-ligand interaction and with 
the results obtained from the cell surface binding 
experiments. 

The yield of the candidate Flk-1 ligand polypep- 
tides in co-immunoprecipitation experiments was 
several nanograms per ml of supernatant, as judged 
by silver staining of gels (data not shown). This 
implied that amino acid sequence information could 
be obtained from a moderate amount of conditioned 




FIGURE 4. Co-immunoprecipitation 
of candidate ligand polypeptides with 
Hkl-AP. (A) BMS-12 bone marrow 
stromal ceils were labeled with 35 S- 
methronine, then the supernatant 
was collected and treated with Flkl- 
AP fusion protein or SEAP as a 
control followed by immunoprecipi- 
tation with anti-AP beads. Labeled 
proteins were then analyzed on a 
15% polyacrylamide gel (B) Supema- 
tants from a variety of cell lines were 
co-immunoprecipitated with Flkl-AP, 
including a bone marrow stromal line 
(BMS-1 2), a liver cell line (BRL 3 A), 
an embryonic fibroblast (STO), and a 
macrophage line (P388D1). 
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medium. One liter of supernatant from the BMS-12 
cell . line was therefore concentrated and co- 
immunoprecipitated, yielding approximately 2 ug of 
each of the candidate ligand polypeptides. After 
blotting onto a PVDF membrane, the 23 kDa band 
was subjected to N-terminal peptide microsequenc- 
ing. The first nine amino acids of the resulting ' 
sequence were found to match the N-terminal se- 
quence (APTTEGEQK) predicted from the cDNA of 
murine VEGF (Breier et al.,. 1992; Claffey et al., 
1992). 

To confirm binding of VEGF to the Flk-1 receptor, 
murine VEGF cDNAs were isolated "by polymerase 
chain reaction (PCR). BMS-12 and two other lines 
(STO and P388D1) that express the 19 and 23 kDa 
co-immunoprecipitated polypeptides (Fig. 4) were 
tested by PCR and were each found to yield two 
prominent amplified bands visible by agarose gel 
electrophoresis ■ (data not shown). Nucleotide se- 
quencing of the cDNAs in these bands indicated 
that they correspond to previously described alter-.. 
: natively spliced forms of VEGF cDNA, called VEGF- 
1 and VEGF-2 (Breier et al., 1992; Claffey et ah, 
1992). When expressed in COS cells, both of these 
cDNAs yielded polypeptides in the supernatant that 
co-immunoprecipitate with Flkl-AP fusion protein 
(Fig. 5). The apparent molecular weights yielded by 
the VEGF-1 and VEGF-2 constructs . were approxi- 
mately 23 and 19 kDa respectively, corresponding 
in size to the two bands precipitated from BMS-12 
(Fig. 5)- These results further- confirm that the 19 
and . 23 kDa polypeptides co-immunoprecipitated 
from BMS-12 and other cell lines are almost cer- 
tainly VEGF polypeptides. The results also show 
that the VEGF-1 and VEGF-2 polypeptides both 
bind to the Flk-1 receptor. 

. It is known that VEGF can attach to the surface of 
expressing cells, and that this attachment can be 
eliminated by herparinase treatment (Ferrara et aL, 
1992). It therefore seemed possible that the binding 
of Flk-1 AP to cell surfaces is mediated by VEGF 
associated with cell surface proteoglycans. To test 
this, COS cells were transfected with VEGF-1 cDNA 
and tested for Flkl-AP binding. Untransfected COS 
cells showeM low levels of Flkl-AP binding, while 
ceils expressing transfected VEGF showed much 
higher levels of binding (Fig. 6). Like the data from 
the BMS : 12 stromal ceil line, the binding data 
from the transfected COS cells are consistent, with 
■ binding to two sites of . different affinities, with 
apparent dissociation constants comparable to those 
measured for BMS-12 (Fig. 6). 




.FIGURE 5. Co-irrununopredpitation of VEGF polypeptides 
with -Flkl-AP. Two alternatively spliced forms of VEGF cDNA, 
VEGF-1 and VEGF-2, were transfected into COS cells by the 
DEAE dextran method as described (Flanagan et al., "1991). 
BMS-12 cells and transfected COS cells were metabolically 
labeled with 35 S-metruonine, then the supernatants were col- 
lected and co-immunoprecipitated with the Flkl-AP soluble 
receptor fusion protein. . 

To assess further the nature of the binding of the 
Flkl-AP protein to VEGF on cell surfaces, we tested 
the effect of treatment of the cells with salt or with 
heparinase. The binding of Flkl-AP to BMS-12 cells 
or to transfected COS cells was found to be almost 
completely inhibited by the presence of 0.6 MNaCL 
Pretreatment of the cells with heparinase also re- 
moved most of the binding of Flkl-AP (Fig. 7 A). 
These results are consistent with an involvement of 
ionic interactions with heparin-like molecules at the 
cell surface. These interactions probably include 
binding of VEGF to cell surface proteoglycans, as 
VEGF is known to bind heparin (Ferrara et.al., 
1992). In addition it seemed possible that the Flk-1 
receptor might itself bind directly to cell surface 
proteoglycans, particularly in view of the recent 
demonstration of an interaction of the . FGF-R1 
receptor with- heparin (Kan et al./ 1993); This pos- 
sibility was tested by applying the Flkl-AP fusion 
protein to. a heparin-Sepharose column. At pH 7.0 
and a NaCl concentration of 150 rruVI, the Flkl-AP 
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jlGURE 6. Scatchard analysis of Flkl-AP binding to the surface. 
^llt of COS cells transfected with VEGF cDNA. COS cells in 6 cm 
Opiates were treated with varying concentrations of Flkl-AP 
.^fusion protein m 2 ml of medium. The cells: were, then washed 
51- and assayed for bound alkaline phosphatase' activity. The inset 
|p graph shows the measured alkaline phosphatase activities for 
|1; cells transfected with VBGF-1 cDNA (squares) or vector alone 
§gC{cirdes). The same data are shown as a Scatchard plot with "a 
^curve calculated for two cell, surface binding sites of different 
|/afflnities. The results of this experiment indicate approximately 
§135,000 sites per cell with a dissociation constant of 1.1 x 10" 8 M 
Uarid 29„QO0 sites per cell with a dissociation constant of 
Jv^V x 1(T 1C M. 

wm^' - ■ - 

If fusion protein bound to the heparin column (Fig. 
Jffy. SEAP alone did not bind effectively (Fig. . 7B), 
|||§consistent with the low isoelectric point of placental 
aline phosphatase which would give it a net 
P^gative charge at pH 7.0. The Flkl-AP fusion 
fotein was also found not to bind to unconjugated 
SSepharose (data not shown) indicating that it binds 
$Xo the heparin moiety of the heparin-Sepharose 
l^matrix. Bound Flkl-AP fusion protein was eluted 
|from the heparin-Sepharose column by NaCl con- 
centrations of approximately 0.3 M (Fig. 7B). The 
^interaction of Flkl-AP with the heparin column may 
|be 'direct or might be mediated by other molecules 
present in the conditioned medium. However, it is 
funlikely that the Flkl-AP binding is mediated by 
gftVECK because the Flkl-AP concentration in the 
^conditioned medium is much higher than the ex- 
pected concentration of VEGF. The results therefore 
^uggest that binding of the Flk-1 receptor extracel- 
lular domain to heparin-like molecules may be 
^involved in the formation of a three-way functional 
.complex between the Flk-1 receptor, heparin-like 
components and VEGF. 



DISCUSSION 

Rk-1 is one of a large number of receptor tyrosine 
kinases that were identified by the nucleotide se- 
quence conservation of the kinase domain, but 
initially had no known ligands. We and others have 
previously used soluble versions of ceil surface 
receptors to identify ligands that are transmembrane 
molecules (for example, Flanagan and Leder, 1990; 
Lyman etal., 1993). However, it has been less clear 
whether the soluble receptor approach could also be 
generally applied to ligands that are soluble. Here 
we have used, a receptor- A? fusion protein to 
identify a soluble ligand for the Flk-1 receptor. 
The Flkl-AP reagent was used in a co-imrnuno- 
precipitation procedure to identify a candidate 
ligand in the supematants of numerous mesenchy- 
mal cell lines. Co-immunoprecipitation from mod- 
erate amounts of supernatant allowed the isolation 
of a sufficient yield of the ligand for peptide mi- 
crosequencing, showing that this ligand is VEGF. 
This growth factor was also shown by others to bind 
Flk-1 or its human homolog KDR, and was found to 
activate Flk-1 kinase activity (Terman et ai., 1992; 
Millauer et al., 1993; Quinn et al., 1993). These 
results support the idea that the soluble receptor 
affinity approach is Likely to be of general utility for 
the identification, and characterization of a wide 
variety of different types of ligand, whether they are 
transmembrane, matrix-associated 1 ' or soluble. 

Placental, alkaline phosphatase serves as a useful 
fusion protein tag. The availability of antibodies 
against placental alkaline phosphatase makes it 
straightforward to use procedures such as co- 
immunoprecipitation. Moreover the'marker enzyme 
activity of the tag allows the fusion protein to be 
traced quantitatively by simple chromogenic assays 
without the necessity of purification, radioactive 
labeling, or the use of secondary reagents. We find 
that detection using the enzyme activity of AP 
fusion proteins is compatible with a variety of 
applications including quantitative receptor-ligand 
binding studies, in situ staining for ligands, and 
library screening. The sensitivity of detection can be 
at least comparable to other methods, such as the 
use of purified and U5 I labeled reagents (Flanagan 
and Leder, 1990; Flanagan et al., 1991; Ornitz et al., 
1992, this paper, and unpublished data). 

VEGF was originally - discovered as a secreted 
polypeptide that affects endothelial cell growth and 
vascular permeability, and it has been implicated as 
an important, factor in angiogenesis associated with 
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both tumor formation and normal development 
(Folkman and Klagsbrun, 1937; Breier et aL, 1992; 
Claffey et al., 1992; Ferrara et aL, 1992; Plate et aL 
199?- Shweiki et al, 1992; Kim et aL, 1993; Millauer 
et al! 1993; Quinn et aL 1993; Millauer et aL; 1994). 
In mice, two major alternatively spliced forms of 
VEGF mRNA and an additional minor form have 
been identified (Breier et.aL 1992; Claffey et ah, 
1992) In this study we found that Flk-1 binds the 
protein products of both major alternative spliced 
forms of VEGF, VEGF-1 and- VEGF-2. As Flk-1 is a 
receptor for VEGF and is expressed in endothelial 
cells or their progenitors from early stages of devel- 
opment it is likely that the interaction of VEGF with 
the Flk-1 receptor has an important role m the 
control of angiogenesis (Millauer et aL, 1993; Quinn 
et al. 1993;. Millauer et al, 1994). The expression of 
Flk-1 in populations of cells highly enriched for 
primitive hematopoietic progenitors is. also. sugges- 



tive of possible roles for this receptor in hematopoie- 
sis (Matthews et aL 1991), and. could; be consistent 
with- the possible existence in the embryonic, blood 
islands of a common progenitor for endothelial cells 
and hematopoietic stem cells (Risau, 1991). 

Receptor-iigand interactions are typically, studied 
at the surface of the receptor-bearing cell although 
the interactions of receptors, growth factors and 
accessory molecules at the surface of the ligand- 
presenting cell may also be an important determi- 
nant of biological activity; The use:, of soluble 
receptor fusion proteins, as described' here, allows a 
characterization of such- interactions. We find that 
the soluble "Flk-1 receptor binds VEGF-1 on the 
surfaces of expressing cells, without treatment to 
release the factor into solution. These results indi- 
cate that, when VEGF is associated with, proteogly- 
cans or other molecules at the surface of the 
expressing cell it is not sequestered from direct 
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^binding to its receptor and is thus likely to be 

^capable of -mediating a direct cell-cell interaction. 

' Interestingly/ the binding of soluble Flk-1 to .VEGF 
on the cell surface produces a non-lineaf Scatchard 
plot consistent with binding to two classes of site 
with different affinities. This could be due . to an 
involvement of heparin-like molecules in the inter- 
action. For example one model would be that the 
lower affinity site could represent a simple interac- 
tion between VEGF and Flk-1 only, while the higher 
affinity site could be produced by a further stabili- 
zation of this complex by heparin-like molecules 
interacting . with both VEGF and Flk-1. Further 
support for this model comes from the finding that 
the soluble Rk-1 receptor can itself bind to heparin, 

■ suggesting the ^possibility of a direct interaction 
between the. Flk-1- receptor and heparin-like mole- 
cules at the cell surface or in extracellular matrix. 
This model is also consistent with a. recent report 
showing that the interaction "of soluble VEGF and 
Flk-1 can be modulated by soluble heparin (Tessier 
et al., 1994). 

Our results suggest that there may be some cell 
type specificity in the ability to present VEGF. For 
example, the P388D1 and BRL 3A cell lines were 
found to express VEGF polypeptides, but tittle or no 
Flkl-AP fusion protein bound to the surface of 
those , cell lines. Specific celT surface proteoglycans 
may therefore be required to present VEGF on the 
cell surface*. In this regard, it is of interest that the 
P388D1 line was recently shown to express a spe- 
cific subset of cell surface proteoglycans (Yeaman 
and Rapraeger, 1993). Specific interactions with 
accessory, proteoglycans might play an important 
role in modulating the activity of VEGF and 
could represent potential targets for therapeutic 
intervention. 

In several respects VEGF is similar to basic fibro- 
blast growth factor. They are both heparin binding 
growth factors and have angiogenic activity in vitro 
and in vivo (Folkman and Klagsbrun, 1987; Ferrara 
et al., 1992; Plate et al., 1992; Shweiki et aL, 1992; 
Kim et al., 1993; Millauer et aL, 1994). Heparin-like 
mo'ecules are known to promote high affinity func- 
tional binding between both factors and their recep- 
tors (Klagsbrun and Baird, 1991; Rapraeger et aL, 
1991; Yayon et aL, 1991; Bernfield et aL, 1992; 
Gitay-Goren et aL, 1992; Omitz et al., 1992). A 
receptor-heparin interaction was observed here for 
Flk-1, and has also been reported for the fibroblast 
growth factor receptor FGF-R1 (Kan et aL, 1993). 
The specific spatial localization of angiogenic factors 



on the cell surface or extracellular matrix and the 
effect of such interactions on the ability of their 
receptors to recognize these factors may play impor- 
tant roles in the control of angiogenesis. 
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